Journal of Hydrology by Buytaert, Wouter et al.
Journal of Hydrology (2006) xxx, xxx–xxx
ARTICLE IN PRESSava i lab le a t www.sc iencedi rec t . com
journal homepage: www.elsevier .com/ locate / jhydrolSpatial and temporal rainfall variability
in mountainous areas: A case study from the south
Ecuadorian AndesWouter Buytaert a,b,*, Rolando Celleri c, Patrick Willems c, Bert De Bie`vre b,
Guido Wyseure aa Laboratory for Soil and Water Management, Katholieke Universiteit Leuven, Celestijnenlaan 200 E, 3001 Leuven, Belgium
b Programa para el Manejo del Agua y del Suelo, Universidad de Cuenca, Ecuador
c Hydraulics Laboratory, Katholieke Universiteit Leuven, 3001 Leuven, BelgiumReceived 20 July 2005; received in revised form 16 February 2006; accepted 23 February 2006Summary Particularly in mountain environments, rainfall can be extremely variable in space
and time. For many hydrological applications such as modelling, extrapolation of point rainfall
measurements is necessary. Decisions about the techniques used for extrapolation, as well as
the adequacy of the conclusions drawn from the final results, depend heavily on the magnitude
and the nature of the uncertainty involved. In this paper, we examine rainfall data from 14 rain
gauges in the western mountain range of the Ecuadorian Andes. The rain gauges are located in
the western part of the rio Paute basin. This area, between 3500 and 4100 m asl, consists of
mountainous grasslands, locally called pa´ramo, and acts as major water source for the inter-
Andean valley. Spatial and temporal rainfall patterns were studied. A clear intraday pattern
can be distinguished. Seasonal variation, on the other hand, is low, with a difference of about
100 mm between the dryest and the wettest month on an average of about 100 mm month1,
and only 20% dry days throughout the year. Rain gauges at a mutual distance of less than 4000 m
are strongly correlated, with a Pearson correlation coefficient higher than 0.8. However, even
within this perimeter, spatial variability in average rainfall is very high. Significant correlations
were found between average daily rainfall and geographical location, as well as the topograph-
ical parameters slope, aspect, topography. Spatial interpolation with thiessen gives good
results. Kriging gives better results than thiessen, and the accuracy of both methods improves
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Assessing rainfall variability is a frequent practice in hydrol-
ogy. An important application is the estimation of total rain-
fall over an area, e.g., a catchment, as an input for
hydrological models. Precipitation is in many cases the most
important input factor in hydrological modelling (Beven,
2001b). However, this input is subject to uncertainty, as a
result of measurement errors, systematic errors in the inter-
polation method and stochastic error due to the random
nature of rainfall. These input errors propagate through
the model and have a direct impact on the accuracy of
the final predictions. Therefore, quantification and a good
knowledge of the uncertainty in the hydrological input data
is essential for a correct interpretation of modelling results
(Jakeman and Hornberger, 1993; Beven, 2001a).
Nevertheless, accurate estimation of the spatial distribu-
tion of rainfall and extrapolation of point measurements
over large areas is complicated. This is especially true in
mountainous environments. In mountain regions, in addition
to the stochastic nature of rainfall, the precipitation pat-
tern may be influenced by the irregular topography. The
large variability in altitude, slope and aspect may increase
variability by means of processes such as rain shading and
strong winds. The best method to improve the quality of
spatial rainfall estimation is to increase the density of the
monitoring network. However, this is very costly, and in
many cases practically infeasible. And even for dense net-
works, interpolation remains necessary in order to calculateFigure 1 Geographical map of the study region. 1, 2, 3 = Huagrah
11 = Mazan microcatchment, 12, 13, 14 = Ningar microcatchment
Labrado (8). The rain gauges in the microcatchments are of the tippi
ETAPA. Coordinates are in 104 UTM on the detailed map and 105 UTthe total rainfall over a certain area (Goovaerts, 2000).
Therefore, both the design of an adequate monitoring net-
work and choice of an interpolation method require insight
in the patterns of rainfall variability and the sources of
uncertainty.
In this study, we analyse daily rainfall series from 14 rain
gauges located in the pa´ramo of the Paute river basin, south
Ecuador (Fig. 1). The pa´ramo is a high altitude neotropical
grassland ecosystem, located between the continuous for-
est border (about 3500 m asl) and the permanent snow line
(about 5000 m asl) of the northern Andes (Mena and Medina,
2001; Hofstede et al., 2003). The pa´ramo forms a discontin-
uous belt that stretches from northern Peru over Ecuador
and Colombia to Venezuela and covers about 35,000 km2
(Luteyn, 1999; Hofstede et al., 2003). In general, the cli-
mate is cold and wet, but a large spatial variability is pres-
ent, with precipitation ranging from <1000 mm up to
>4000 mm (Sarmiento, 1986; Hofstede et al., 2003; Luteyn,
1999; Hofstede et al., 2003). The Andes has a very complex
precipitation pattern, influenced by both the Pacific and the
Amazon basin. The eastern slopes are dominated by peren-
nially wet easterly trade winds originating over the tropical
Atlantic and Amazon basin. In the northernmost Andes of
Venezuela, northern Colombia and Costa Rica, the north-
east Trade Winds give rise to a marked dry season. The wes-
tern slopes of Colombia and Ecuador are influenced by an
intertropical convergence zone (ITCZ) over the eastern Pa-
cific (Vuille et al., 2000). The ITCZ is responsible for a con-
tinuous moisture in the form of rain, clouds and fog, as auma microcatchment; 5, 6, 7 = Soroche microcatchment; 9, 10,
; 4 = Chanlud; 8 = Labrado. h = dam sites of Chanlud (4) and
ng bucket type, while these at the dam sites are daily data from
M on the overview map.
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eastern slopes of south Ecuador and north Peru are influ-
enced by dry and cool airmasses from the Humboldt Cur-
rent, and are therefore much dryer (Sarmiento, 1986;
Luteyn, 1999). The inter-Andean valleys between the wes-
tern and the eastern mountain range experience a varying
influence from oceanic and continental airmasses, resulting
in a bimodal seasonal distribution. These complex interac-
tions, combined with the irregular topography and the large
differences in slope, aspect and elevation, result in strongly
varying weather patterns at local level.
The study is aimed at improving our understanding of the
major sources of variation and uncertainty in small scale
rainfall interpolation in mountainous environments. This is
achieved by means of a spatial and temporal characterisa-
tion and correlation analysis of the daily rainfall series. In
a second part, the difference in uncertainty between two
interpolation methods that differ strongly in complexity,
thiessen polygons and kriging, is assessed by means of cross
validation. This allows us to evaluate the amount of com-
plexity allowed in interpolation, in view of the available
data.
Furthermore, the study aims at a better insight in the
hydrology of the pa´ramo ecosystem. Because of the difficul-
ties involved in ground water extraction, surface water from
the ecosystem is a vital water source for the inter-Andean
region. Water is used for agricultural and urban purposes,
and for energy production in hydropower facilities. Large
cities such as Bogota and Quito extract more than 90% of
their water from the pa´ramo (FAO, 2000; UAESPNN, 2000).
In the studied area, surface water from the pa´ramo is the
only water source for the city of Cuenca, (500,000 habi-
tants) and supplies water to the reservoirs of El Labrado
and Chanlud, generating together 38.4 MW (ETAPA, 2004).
One of the major reasons for this reliance is the large and
sustained base flow in the rivers coming from the pa´ramo.
The mechanism behind this water regulation is largely un-
known, but the lack of seasonal variability in rainfall may
be one of the major causes (Buytaert et al., 2005). At pres-
ent, quantitative data about these variations are very
scarce. The same problem exists for the total amount of
rainfall in the pa´ramo. Despite its importance as a water
supplier, the total available water, as well as the water bal-
ance, have never been quantified.
Finally, it is expected that global climate changes will
have a strong impact on the hydrology and climate of the
pa´ramo. It is well known that mountain environments are
particularly vulnerable for climatic changes (IPCC, 2001;
Beniston, 2003; Messerli et al., 2004). In the pa´ramo, specif-
ically the western slopes, the influence of the El Nin˜o/
Southern Oscillation may intensify these impacts. Given
the socio-economic and ecological importance of the pa´ra-
mo as a water supplier, detailed long time monitoring of
possible changes is necessary. This study intends to contrib-
ute to a reference base for future observations and analysis.Study area
In Ecuador, the Andes consists of two parallel mountain
ranges separated by a tectonic depression. The study area
is located in the western mountain range of south Ecuador,and forms a part of the Paute basin (Fig. 1). The climatic
pattern in the western mountain range is influenced by
the Pacific coastal regime from the west, and the continen-
tal and tropical Atlantic air masses from the east (Vuille
et al., 2000). The resulting precipitation pattern is bimodal,
with a major dry season in August to September and a less
pronounced dry season around December to February. How-
ever, as is typical for intertropical regions, yearly fluctua-
tions are small (Sarmiento, 1986; Hofstede et al., 2003).
In the Paute basin, the neotropical Andean ecosystem
pa´ramo extends from about 3300 to 4620 m, which is the
highest point in the basin. It is a remote and desolate area,
characterised by a low grass vegetation consisting of tussock
grass species (mostly Calamagrostis spp., Festuca spp., Sti-
pa spp.) and scarcely scattered patches of individual, small
and gnarled growing trees, particularly of the genus Polyl-
epis and Gynoxys (Hedberg, 1992; Luteyn, 1992). The lack
of intensive human activities in most pa´ramos guarantees
high water quality. Annually, more than 50 million m3 water
is extracted from the study region. This water is used by the
city of Cuenca, which is the third largest city of Ecuador and
the capital of the province of Azuay.Materials and methods
Twelve rain gauges were installed in four microcatchments
in the western mountain range: Mazan, Soroche, Huagra-
huma and Ningar (Fig. 1). Catchment selection was done
to study the impact of land use on the hydrology. All rain
gauges are tipping bucket gauges with a resolution of
0.2 mm, except at Mazan, where the resolution is
0.254 mm. The tipping bucket data were converted to daily
rainfall series. These data were completed with daily rain-
fall measurements made by ETAPA (Cuenca’s public com-
pany for drinking water) at the dam sites of Chanlud and
Labrado. The resolution of these gauges is 0.5 mm day1.
After a certain monitoring time, rain gauges were inter-
changed to analyse systematic differences in recordings,
which proved to be neglectable. The area covered by the
rain gauges is about 650 km2, giving a network density of
slightly less than 1 per 50 km2. It has to be noted, however,
that the rain gauges are clustered, allowing for an analysis
at a smaller scale (Fig. 1).
The GIS data are derived from digitised elevation con-
tours with an interval of 20 m and a scale of 1:25000. Using
regular spline with tension (Mitasova and Mitas, 1993), ele-
vation, slope and aspect maps with a resolution of 25 m
were generated.
The impact of the topography on the average daily rain-
fall was assessed with linear regression. The average daily
rainfall was split per month and the monthly data were cor-
related with altitude, aspect, slope and east and north coor-
dinates. The aspect was split in quadrants (N, W, E, S), on
which factor analysis of variance (ANOVA) was done.
Two methods for the interpolation of the daily rainfall
average are used: thiessen polygons and kriging. The meth-
ods are chosen because they represent two ends in a spec-
trum of interpolation methods. Thiessen is a simple and
straightforward method. Each interpolated location is given
the value of the closest measurement point, resulting in a
typical polygonal pattern and discontinuities at the borders
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computationally intensive, geostatistical estimation meth-
od (for both methods see e.g., Burrough and McDonnell,
1998; Goovaerts, 2000; Haan, 2002). In both methods, the
results of the multiple regression results are incorporated.
For thiessen, the data were normalised, based on the rela-
tion of the mean daily rainfall with the topographical
parameters (Table 2). After the interpolation, the normali-
sation was reversed. For kriging, universal kriging was ap-
plied using the R implementation of gstat (Pebesma, 2004).
The availability of daily rainfall series has a specific
advantage for kriging. In most applications, only one mea-
surement (e.g., average rainfall) is available for each obser-
vation point. The experimental semivariogram c^ðhÞ is then
estimated by means of the differences between each data
pair:Distance (m)
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Figure 2 The semivariogram cloud for daily rainfall in the
Paute basin, with a fitted exponential model.
Table 1 Major characteristics of the rain gauge sites used in thi
Location Min (mm) Median (mm) Mean (mm) Max (m
1 0.0 1.40 3.44 40.6
2 0.0 1.80 4.28 52.4
3 0.0 1.40 3.27 30.8
4 0.0 1.00 3.19 36.5
5 0.0 1.60 3.27 27.0
6 0.0 1.40 3.10 38.2
7 0.0 1.60 3.34 38.0
8 0.0 1.00 3.67 33.0
9 0.0 1.00 2.81 23.6
10 0.0 1.27 3.12 23.4
11 0.0 1.27 2.96 24.1
12 0.0 1.20 3.72 51.4
13 0.0 1.20 3.33 40.2
14 0.0 1.20 3.39 40.2
Min, median, mean and max are, respectively, the minimum, median, m
rainfall data available for the location.c^ðhÞ ¼ 1
2NðhÞ
XNðhÞ
i¼1
ðzi  ziþhÞ ð1Þ
where N(h) is the number of points separated by a distance
h, and zi is the average daily rainfall at point i (Haan, 2002).
When series are available at each point, the experimental
semivariogram can be calculated by:
c^ðhÞ ¼ Varðzi  ziþhÞ
2
¼ VarðziÞ þ VarðziþhÞ  2Covðzi; ziþhÞ ð2Þ
which resembles more closely the definition of semivariance
(Haan, 2002). When relatively few locations are available,
such as in this study, this greatly improves semivariogram
estimation (Fig. 2).
Results and discussion
Statistical distribution
A summary of the data and the rain gauge characteristics is
given in Table 1. The cumulative rainfall in the gauged
catchments is given in Fig. 3. For the statistical distribution
function of daily rainfall, a mixed population is generally
suggested (Hyndman and Grunwald, 2000). In a mixed pop-
ulation, a discrete component at zero is used for the predic-
tion of dry days. This is combined with a positive continuous
component, mostly a lognormal or gamma function, for the
prediction of the amount of rainfall at wet days.
In the pa´ramo, however, rainfall is characterised by
short, frequent, low volume events, and an equal distribu-
tion over the year (Fig. 3). As a result, days without rain
(or, with less than 0.2 mm of rain if the resolution of the
rain gauges is taken into account) do not occur very fre-
quently: on average only 24% of the days during the moni-
tored period. This observation makes it reasonable to omit
the discrete component for simplicity reasons. Due to the
occurrence of frequent low volume events, daily rainfall
can be considered as the sum of a few, short ‘‘storm’’
events, which are commonly described using a Weibull dis-s study
m) Altitude (m) Aspect (N) Slope (%) n (days)
3700 200 16.2 1465
3815 307 43.1 1486
3819 215 2.9 1408
3443 42 11.6 577
3683 216 5.4 444
3661 168 2.2 585
3541 228 4.1 479
3440 78 13.3 577
3375 312 17.9 330
3438 55 5.5 328
3621 43 34.7 329
3420 146 15.1 963
3317 219 0.9 902
3339 225 19.1 969
ean and maximum daily rainfall at the location. n, number of daily
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Figure 3 Cumulative daily rainfall in each of the studied
microcatchments. For each line, the daily rainfall was averaged
over the rain gauges located in the respective catchment: 1, 2,
3 = Huagrahuma; 5, 6, 7 = Soroche; 9, 10, 11 = Mazan; 12, 13,
14 = Ningar.
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Figure 4 Inverse ranking of the daily rainfall values at rain
gauge 3. Linearity on the semilogarithmic plot (which can be
observed here) is a good indication for an exponential distri-
bution of the daily rainfall.
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Figure 5 Annual distribution of the average monthly rainfall
at the studied microcatchments. The major wet season runs
from May to July, while the second wet season in November is
hardly distinguishable. d = Soroche; s = Huagrahuma; e =
Mazan; h = Ningar.
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ARTICLE IN PRESStribution (Willems, 2001). Indeed, an exponential function,
which can be considered as a special case of the Weibull dis-
tribution, proves to be an adequate estimator for the daily
rain volume distribution (Fig. 4).
Temporal variability
Tropical alpine ecosystems differ sharply from similar eco-
systems at middle or high latitudes in having very reduced
monthly variation in solar radiation. As a result, climaticdifferences are generally much smaller too. However, under
the influence of trade winds, with their cyclic displacement
across the equator, a strong variation in rainfall seasonality
may occur at certain locations, such as the pa´ramos of Ven-
ezuela and northern Colombia (e.g., Sierra Nevada de Santa
Marta). In pa´ramos under influence of the equatorial trough,
such as the study region, seasonal variability is much smal-
ler (Sarmiento, 1986). The western Paute basin experiences
a major dry season from August to October and a shorter,
but more pronounced dry season from December to Febru-
ary (Fig. 5). However, the second wet period in November
is not very pronounced and small compared to the main
wet season from May to July. The resulting seasonal pattern
is therefore somewhere between monomodal and bimodal.
The close resemblance of the seasonal pattern of Mazan
with the other locations is surprising. As Mazan is located
more to the east, a stronger impact of the monomodal Ama-
zon basin would be expected, where the dryest season oc-
curs from November to February. Nevertheless, the
second peak of the bimodal Pacific distribution, in Novem-
ber, is still clearly present in this catchment.
However, despite these annual variations, few significant
trends can be detected in the autocorrelation function
(Fig. 6). The lag time for a significant autocorrelation is 3
days, which is very short and highlights the high degree of
randomness in rainfall generation.
Intradaily rainfall distribution shows a conspicuous trend
(Fig. 7). This is not surprising in mountain environments.
Pa´ramos are known for the sudden changes in weather and
the high diurnal temperature fluctuations. Temperature is
close to freezing at night but may increase up to 25 C dur-
ing the day, a cyclus which is commonly referred to as
‘‘summer every day and winter every night’’ (Hedberg,
1964). The high diurnal amplitude in temperature is a result
of the large solar radiation in tropical mountainous regions.
Therefore, mornings are often free of clouds and with a
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Figure 6 Autocorrelation of the time series of rain gauge 3,
located in Huagrahuma microcatchment. The dashed line
represents the limit of significant correlation on a 95% confi-
dence coefficient. The autocorrelation time is 3 days.
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Figure 7 Intraday variation in rainfall of rain gauge 3
(Huagrahuma microcatchment). The sum of the values equals
the average daily rainfall (3.27 mm). The timeseries used is
2001–2005.
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Figure 8 Spatial correlation between the rain gauges used in
this study, with a logarithmic trendline. Two major groups can
be observed. Correlation is much stronger between rain gauges
at a mutual distance of less than 4000 m.
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ARTICLE IN PRESSclear sky. In the afternoon, the energy input in the lower
atmosphere induces convectional and orographic uplift,
bringing an increased cloud cover with rain and fog. During
the evening, clearing occurs (Luteyn, 1999).
Spatial variability
The correlogram is given in Fig. 8. A logarithmic model is fit-
ting the correlogram well, but two major groups are ob-
served. Rain gauges at a mutual distance of less than
4000 m are strongly correlated, with a Pearson correlation
coefficient (R2) between 0.80 and 0.98. At distances largerthan 4000 m, the correlation strongly decreases to a range
of roughly 0.4–0.8. Here, the correlation is far less depen-
dant on the actual distance. We may conclude that the span
of most rainfall events does not exceed about 4000 m. This
is rather small and typical for regions with an irregular
topography. Ridges and peaks may act as a natural barrier
for storms, and differences in aspect and altitude generate
local topoclimates.
These difference in topoclimates can be clearly observed
in the average rainfall distribution (Table 1). Although
highly correlated, the average daily rainfall may differ
strongly at short distances, e.g., rain gauges 2 and 3 are lo-
cated at a mutual distance of 634 m. Although the correla-
tion in daily rainfall is 0.92, the difference in average daily
rainfall is more than 30%. Thus, rain events occur simulta-
neously at both locations, but the differences in topography
result in a systematic bias in the total amount of rainfall at
each rain gauge.
Correlation with topographical parameters
Looking at the correlation results (Table 2) it is clear that
the geographical locations (east and north coordinates)
have a strong impact on rainfall variability. Rainfall in-
creases from west to east. Ningar is located more to the
east than the other catchments and has significantly higher
rainfall. This trend may be attributed to the increasing influ-
ence from the Amazon basin in this catchment, at least in
the amount of rainfall, if not in seasonal variation. Simi-
larly, rainfall increases from south to north. This is most
likely the same trend, because most rain gauges are located
around the SW–NE axis. For the topographical parameters
(slope, altitude and aspect) very few significant correlations
are observed. However, when topographical and geographi-
cal parameters are combined in a multiple regression
model, the correlation can be increased significantly, with
R2-values up to 0.96. The increase in accuracy of the model
Table 2 Regression results between average daily rainfall, split up per month, and topographical parameters
January February March April May June July August September October November December
Analysis of
variance (F)
Aspect 7.21 5.41 18.2 1.28 0.75 2.44 3.13 5.42 5.06 5.12 3.58 0.12
Multiple
regression
(R2)
Altitude 0.02 0.26 0.01 0.62 0.06 0.02 0.00 0.10 0.04 0.04 0.54 0.20
Slope 0.02 0.11 0.10 0.00 0.44 0.09 0.06 0.05 0.24 0.24 0.00 0.05
East 0.49 0.84 0.56 0.03 0.03 0.39 0.57 0.30 0.13 0.09 0.00 0.43
North 0.78 0.64 0.82 0.04 0.00 0.65 0.79 0.69 0.28 0.18 0.13 0.22
Altitude +
north + east
0.82 0.85 0.85 0.69 0.08 0.70 0.79 0.86 0.34 0.23 0.76 0.53
Aspect +
north + east
0.81 0.90 0.89 0.62 0.20 0.75 0.83 0.87 0.39 0.34 0.76 0.50
Slope +
north + east
0.81 0.87 0.87 0.62 0.60 0.85 0.93 0.96 0.54 0.42 0.76 0.50
Aspect was treated as a qualitative factor with four levels (N, S, E, W). Significant correlations (at a 95% confidence level) are indicated in
bold.
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at a catchment level, but this impact is insignificant at a re-
gional level, due to regional fluctuations in average rainfall.
In September, October and December, no significant corre-
lation could be found. These are the dryest months in both
the coastal region and the Amazon basin. During this time,
rainfall seems to be more erratic, with less significant
trends. The reason for this behaviour, and therefore the
mechanisms influencing rainfall generation during the dry
period, is still largely unknown.
Comparison with other pa´ramo regions
Although studies about rainfall data from the south Ecuado-
rian pa´ramo are nearly non-existant, some studies describeTable 3 Average, minimum and maximum monthly rainfall at ot
Location Source Altitude (m asl)
Cerro de la Muerte, Costa Rica 1 3365
Mucubajı´, Venezuela 2 3550
Pico del Aguila, Venezuela 2 4118
Monserrate, Colombia 2 3125
La Sierra, Colombia 3 3750
Laguna del Otun, Colombia 3 4000
Ladera Oeste, Colombia 3 4250
Boqueron, Colombia 3 4500
Pico Paramo, Colombia 3 4500
La Linea, Colombia 3 4500
Africa Arriba, Colombia 3 4250
Africa Abajo, Colombia 3 4000
La Playa, Colombia 3 3750
Totarito, Colombia 3 3600
La Ermita, Colombia 3 3250
Isobamba, Ecuador 2 3058
Sources are: (1) Herrera (2005); (2) Sarmiento (1986); (3) Witte (1994the annual and seasonal rainfall patterns in other pa´ramos.
An overview of the Andes is given by Sarmiento (1986).
Witte (1994, 1996) and Rangel (2000) describe in detail a
transect through the Colombian Cordillera Central near Bo-
gota´ (Parque de los Nevados), while Herrera (2005) de-
scribes the climate of the Costa Rican pa´ramo. A summary
of these studies is given in Table 3. Comparing this table
with the results of the current study (Table 1, Fig. 5) reveals
some interesting differences. The south Ecuadorian pa´ramo
has a rather low average monthly rainfall (between 85 and
130 mm month1), but compared to other pa´ramo locations
with a similar average monthly rainfall, the minima are
much higher (>40 mm month1, compared to <10 mm
month1 in several locations, e.g., Laguna de Otun, Pico
de Aguila (Table 3)). As a result, the seasonal variabilityher pa´ramos as found in the literature
Mean (mm) Min (mm) Max (mm) Seasonality
211.2 25 386 Unimodal
80.7 <20 150 Unimodal
72.4 <10 120 Unimodal
100.7 50 180 Bimodal
102.2 15 233 Bimodal
74.4 4 148 Bimodal
98.7 15 196 Bimodal
105.2 12 215 Bimodal
79.1 4 213 Bimodal
106.4 48 204 Bimodal
121.7 60 256 Bimodal
155.3 16 278 Bimodal
175.8 60 360 Bimodal
76.4 3 203 Bimodal
258.3 160 496 Bimodal
113.4 25 200 Bimodal
).
Table 4 Cross validation results from the interpolation of
the average daily rainfall
Method Mean error
(mm)
Error variance
(mm)
Thiessen 0.127 0.269
Thiessen with normalisation 0.084 0.120
Ordinary kriging 0.064 0.216
Universal kriging 0.030 0.254
In thiessen with normalisation and universal kriging, the vari-
ables east, north and slope were included.
8 W. Buytaert et al.
ARTICLE IN PRESSof the south Ecuadorian pa´ramo is very weak, compared to
most pa´ramos, which are characterised by a clearly marked
dry season. Despite a monthly minimum of 25 mm in the
pa´ramo of Cerro de la Muerte, Costa Rica, Herrera (2005) re-
port a yearly average of 244 wet days (>0.1 mm rainfall) or
67%, which is comparable to the value obtained in this study
(76%).
Finally, only Witte (1996) reports on the spatial rainfall
variability, analysing the correlation of the monthly rainfall
in the studied transect. No significant correlation could be
found, even at a distance of 250 m, but this is probably re-
lated to the small amount of data (12 months).
Uncertainty in interpolation
Rainfall interpolation was done for the whole study region,
using the data of the 14 rain gauges. Only an extract of the
resulting interpolation map is given in Fig. 9, to allow for
sufficient detail. The cross validation results are given in Ta-
ble 4. The slope pattern strongly dominates both interpola-
tion maps, with few visual differences between thiessen and
kriging. Both methods give good results, with the accuracy
of kriging being about twice as high as thiessen (Table 4).
Given the clustering of the rain gauges in study region
(Fig. 1), the better results of kriging are quite remarkable:
the kriging range is rather short (about 4000 m), which
means that few neighbouring rain gauges can be included
in the estimation, thus decreasing the advantage of kriging.
In both cases, the incorporation of additional trends sig-
nificantly improves the estimation accuracy (respectively,
50% and 64%). Despite the improvements in accuracy, the
variance on the estimation error does not improve. On the
contrary, the variance of universal kriging is considerable
higher than thiessen with normalisation (0.25 vs. 0.12).
These results suggest that most of the uncertainty involved
in the interpolation is related to the determination of exter-
nal trends. In this regard, kriging is a rather fragile method,
as it relies strongly on the assumption of stationarity in the
means and thus, a lack of external trends. In this study, we
were able to detect some of these trends with multiple
regression. Although high correlations were found, the re-
sults suggest that a better understanding of these trends
may further improve rainfall interpolation.Figure 9 Extract of the interpolated map, showing the Huagrah
differences can be observed, as major uncertainty is related to
method.Conclusions and recommendations
In this study, patterns in daily rainfall data were analysed,
using data from 14 rain gauges in the western mountain
range of the south Ecuador Andes. The following conclusions
can be drawn:
– Rainfall in the pa´ramo is characterised by short, fre-
quent low volume events. A strong daily pattern can be
observed, with most rainfall occurring in the afternoon,
between 14 and 19 h. Seasonal patterns are very weak,
with a difference in rainfall between the dryest and wet-
test months of only 100 mm. Only 1 in 5 days is com-
pletely without rain.
– Spatial variability in rainfall is very high. Although rain-
fall is strongly correlated at distances of less than
4000 m, the average daily rainfall can differ more than
25% within this range. Multiple correlation analysis
revealed strong regional trends, with an increase in rain-
fall from SW to NE. Locally, significant correlations were
found with aspect, slope and altitude. These trends are
significant in wet months. In the dry seasons, rainfall
seems to be much more erratic.
– Kriging is more accurate for interpolation of average
daily rainfall than thiessen. The incorporation of external
trends improves the accuracy in both methods, but not
the error variance. These results suggest that a more
detailed assessment of the relation between the topog-
raphy and the spatial rainfall distribution may be able
to improve interpolation results.uma catchment, using kriging (left) and thiessen (right). Few
the correlation with topography rather than the interpolation
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ARTICLE IN PRESSThe consequences for water management planning are
twofold. The data presented in this study stress the need
for a denser monitoring network. Currently, estimations of
the total available water in the pa´ramo, drought frequency
and forthcoming minimal river flows are mostly based on a
very limited number of rain gauges (e.g., Chanlud and Lab-
rado in the northwestern Paute basin) and are therefore
subject to large uncertainty. Again, the impact of topogra-
phy is identified as the major source of uncertainty and is
therefore recommended as a subject for further study.
Additionally, it is shown that the study region is character-
ised by a weak seasonal variability, compared to the pa´ramos
of Colombia, Venezuela and Costa Rica. This homogeneity is
undoubtly an important aspect of the reliability of the south
Ecuadorian pa´ramo ecosystem as a water supplier. Scientific
studies, as well as testimonies of local people, suggest that
climate change may increase the seasonality of the pa´ramo
climate (IDEAM, 2001; Castan˜o, 2002),whichmay result in ex-
tended drought periods and put the water supply function at
risk. Assessing the seasonal variation of the pa´ramo climate
requires detailed long time datasets. However, high precision
long timemonitoring of the pa´ramo climate is currently lack-
ing but nevertheless highly recommended.Acknowledgements
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